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A l i n e a r i z e d  theory numerical method and a computer program f o r  the 
aerodynamic design and a n a l y s i s  of wings with a t t a i n a b l e  t h r u s t  and vortex 
f o r c e  c o n s i d e r a t i o n s  w e r e  in t roduced i n  r e fe rence  1 and f u r t h e r  desc r ibed  i n  
r e f e r e n c e  2. A companion computer program which provides  p r e d i c t i o n s  of t h e  
l o w  speed aerodynamic performance of winqs wi th  leading-edge and t ra i  linq-edqe 
f l a p s  is desc r ibed  i n  r e fe rence  3. The purpose of t h i s  r e p o r t  is  t o  show how 
t h e s e  two computer programs i n  combination may be used f o r  the design of l o w  
speed wing f l a p  systems capable of high l e v e l s  of aerodynamic e f f i c i e n c y .  
A fundamental premise of t he  s tudy is  t h a t  hiqh l e v e l s  of aerodynamic 
performance f o r  f l a p  systems can be achieved only i f  t h e  flow about  the wing 
remains predominantly a t t ached .  O r ,  i n  o t h e r  words, it is assumed t h a t  
a t t a c h e d  flow performance l e v e l s  can be approached provided t h a t  flow separa-  
t i o n  i s  r e l a t i v e l y  mild and is  s u f f i c i e n t l y  loca l i zed .  I n  accordance wi th  
t h i s  premise, the wing design computer program of r e fe rence  1 w i l l  be used t o  
provide i d e a l i z e d  l i n e a r i z e d  theory a t t ached  flow camber s u r f a c e s  from which 
cand ida te  f l a p  s u r f a c e s  may be derived. I n  a fol lowing s t e p ,  t h e  f l a p  
e v a l u a t i o n  s o l u t i o n  given by t h e  computer proqram of r e f e r e n c e  3 w i l l  be used 
t o  provide estimates of the aerodynamic performance of t he  cand ida te  systems. 
The design s t r a t e g i e s  and techniques t h a t  may be employed are i l l u s t r a t e d  
through a series of examples. F i r s t  the problem of designing f l a p s  f o r  wings 
with s h a r p  l e a d i n g  edges which cannot achieve leading-edge t h r u s t  is treated, 
and then t h e  i n f l u e n c e  of rounded l ead ing  edges which a l l o w  the  development of 
leading-edge t h r u s t  is examined. The a p p l i c a b i l i t y  of t h e  numerical methods 
t o  t h e  a n a l y s i s  of a r e p r e s e n t a t i v e  f l a p  system (al though n o t  a system 
designed by the  p rocess  desc r ibed  h e r e i n )  is demonstrated i n  a comparison w i t h  
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wing normal force c o e f f i c i e n t  
l i f t i n g  p r e s s u r e  c o e f f i c i e n t  
Mach number 
wing s e c t i o n  leading-edge r a d i u s  
Reynolds number 
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CL t a n  (CL/CL,a) - ACD 
s u c t i o n  parameter, 
2 t a n  (c ; - cL2/(ii=; L L ~ , a  
wing s e c t i o n  maxi mum t h i c k  ness  
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d i s t a n c e  i n  the x d i r e c t i o n  measured from the  wing l ead ing  edge 
wing ang le  of a t t a c k ,  deqrees 
l ead inq  edge f l a p  streamwise d e f l e c t i o n  angle ,  degrees ,  p o s i t i v e  
w i t h  l e a d i n g  edge down 
leading-edge f l a p  d e f l e c t i o n  ang le  measured normal t o  the hinge 
l i n e ,  degrees ,  p o s i t i v e  with leading edge down 
t r a i l i n g - e d g e  f l a p  s t reanwise d e f l e c t i o n  ang le ,  degrees ,  
p o s i t i v e  with t r a i l i n g  edge down 
t r a i l i n g - e d g e  f l a p  d e f l e c t i o n  angle  measured normal to  t h e  h inge  
l i n e ,  degrees ,  positive with t r a i l i n g  edge down 
leading-edqe f l a p  d e f l e c t i o n  m u l t i p l i e r  
t r a i l i ng -edge  f l a p  d e f l e c t i o n  m u l t i p l i e r  
wing leading-edge sweep angle, degrees  
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GENERAL PRINCIPLES 
It is assumed t h a t  maximization of the  aerodynamic performance of wings 
(minimization of drag-due-to- l i f  t 1 can be achieved only through a t t a c h e d  
flow. For th i ck  wings a t  high Reynolds 
numbers it may be p o s s i b l e  as shown i n  
s k e t c h  ( a )  to  achieve a t t a c h e d  flow 
wi thou t  r e s o r t i n q  t o  wing camber o r  
t w i s t .  A l a r g e  enough leading-edge 
r a d i u s  w i l l  p e r m i t  a t t a c h e d  flow over 
the  e n t i r e  a i r f o i l  s e c t i o n  and w i l l  
a l l ow the  development of f u l l  t h e o r e t i c a l  leading-edge t h r u s t .  For t h i n  wings 




S k e t c h  ( a )  
s k e t c h  ( b ) ,  can  be expected to p e r m i t  
a t t a c h e d  flow. An a i r f o i l  s e c t i o n  such 
as t h i s  can provide a d i s t r i b u t e d  
t h r u s t  over much of t he  forward p o r t i o n  
of the  a i r f o i l  which r e p l a c e s  the  
concentrated theo re  t i c a l  leading-edge 
t h r u s t  and l e a d s  t o  comparable 
performance. Actual ly ,  even the  b e s t  
assure  at tached flow ( e s p e c i a l l y  a t  
h igh  l i f t  c o e f f i c i e n t s )  b u t  f o r  t h i n  
wings and l o w  Reynolds numbers i t  
o f f e r s  t he  only p o s s i b i l i t y .  Without 
cambeL aiid twist, a t h i n  wing s e c t i o n  
would produce a sepa ra t ed  flow, perhaps 
as t h a t  shown i n  ske tch  ( c ) .  I f  t h e  
S k e t c h  ( b )  
cambered and t w i s t e d  s u r f a c e  cannot  
,-Separated region 
S k e t c h  ( c )  
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flow r e a t t a c h e s  on the  a i r f o i l  i t s e l f ,  the leading-edge t h r u s t  is n o t  l o s t ,  
b u t  appears  as a vo r t ex  normal f o r c e  rather than a t h r u s t  f o r c e  according to  
t h e  Polhamus leading-edge s u c t i o n  analogy ( r e f e r e n c e  4 ) .  There is, however, a 
s u b s t a n t i a l  loss i n  l i f t i n g  e f  f i c i e n -  
cy. w i th  more seve re  s e p a r a t i o n  as 
shown i n  ske tch  ( d )  there would be a 
fnrther 1 oss  i n  l i f t i n g  e f f i c i e n c y .  
When t h e  sepa ra t ed  flow does no t  
.- 1- 
r e a t t a c h  on the a i r f o i l  i t s e l f ,  t h e r e  S k e t c h  ( d )  
i s  n o t  only a loss of t h e  vortex f o r c e  
b u t  also a reduced t u r n i n g  of t h e  upper s u r f a c e  flow as d e p i c t e d  by t h e  
s t r e a m l i n e  above the sepa ra t ed  region. Both of t h e s e  e f f e c t s  b r i n g  about  a 
loss i n  t h e  normal f o r c e  and an i n c r e a s e  i n  d rag  f o r  a given l i f t .  
When t h e  designer  is n o t  f r e e  to choose a cont inuously curved s u r f a c e ,  
b u t  must r e l y  on simple hinged f l a p s  the  goa l  of attached flow f o r  t h i n  wings 
may no t  be realistic. C e r t a i n l y  it is not  ach ievab le  f o r  reasonable  f l i g h t  
c o n d i t i o n s  i f  design c o n s t r a i n t s  ca l l  f o r  a sha rp  l ead ing  edge. However, high 
l e v e l s  of aerodynamic performance may s t i l l  be reached i f  t he  flow i s  
predominantly a t t ached .  Such a flow condi t ion f o r  a sha rp  l e a d i n g  edge winq 
i s  shown i n  ske tch  (e).  Here the  sha rp  
l ead ing  edge t r i g g e r s  a sepa ra t ed  f l o w  
which r e a t t a c h e s  a t  t h e  leading-edge 
f l a p  hinge l i n e .  This c o n d i t i o n  meets 
one of t h e  primary c o n s i d e r a t i o n s  i n  
t h e  des ign  of "Vortex Flaps" as S k e t c h  ( e )  
d e s c r i b e d  i n  r e fe rence  5. This  type of 
flow, w i t h  i ts  l i m i t e d  and l o c a l i z e d  s e p a r a t i o n ,  may be s a i d  t o  be 
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predominantly a t tached .  N o t e  t h e  s i m i l a r i t y  to  t h e  f l o w  p a t t e r n s  dep ic t ed  i n  
ske tch  (h) f o r  t he  cambered and tw i s t ed  s e c t i o n  wi th  a t t ached  flow. For a 
t h i n  wing wi th  a rounded l ead ing  edge, 
t h e  s i t u a t i o n  might n o t  be much 
d i f f e r e n t  except t h a t ,  as shown i n  
s k e t c h  ( f ) ,  a somewhat smaller leading-  
edge f l a p  d e f l e c t i o n  would r e s n l t  i n  a 
\ 
f l o w  reattachment a t  t h e  hinge l i n e .  S k e t c h  ( f )  
With a predominantly a t t ached  f low 
e s t a b l i s h e d  as a f l a p  system des ign  goal, t h e  a t t a c h e d  flow camber and t w i s t  
s u r f a c e  generated by t h e  wing des ign  program of r e fe rence  1 (or any o t h e r  
s u i t a b l e  design method) becomes a l o g i c a l  s t a r t i n g  poin t .  Camber  s u r f a c e s  
qiven by the program can be used i n  t he  d e f i n i t i o n  of candida te  f l a p  systems 
which approximate t h e  s u r f a c e  slopes and the loadings  of t h e  wing design.  
Then a f l a p  system a n a l y s i s  program, such as t h a t  of r e fe rence  3, can be used 
i n  e s t ima t ing  t h e  aerodynamic p o t e n t i a l  of t h e  cand ida te  f lap  system and i n  
des ign-by- i te ra t ion  s t u d i e s  involv ing  va r ious  f l a p  geometry parameters. 
BRIEF DESCRIPTION OF PROGRAHS =ED IN TBIS STUDY 
Reference 1 d e s c r i b e s  l i n e a r i z e d  theory  methodology and a n  a s s o c i a t e d  
computer program f o r  t h e  des ign  of wing l i f t i n g  s u r f a c e s  wi th  a t t a i n a b l e  
t h r u s t  taken i n t o  cons ide ra t ion .  The approach is based on t h e  de t e rmina t ion  
of  an optimum combination of a series of cand ida te  s u r f a c e s  r a t h e r  than  t h e  
more commonly used cand ida te  loadings.  S p e c i a l  leading-edge s u r f a c e s  are 
s e l e c t e d  to provide d i s t r i b u t e d  leading-edge t h r u s t  f o r c e s  which compensate 
second series of gene ra l  cand ida te  s u r f a c e s  are selected to  minimize drag  
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s u b j e c t  to  c o n s t r a i n t s  on the l i f t  c o e f f i c i e n t  and, i f  d e s i r e d ,  on t h e  
p i t c h i n g  moment c o e f f i c i e n t .  A primary purpose of t h i s  design approach is  t h e  
i n t r o d u c t i o n  of a t t a i n a b l e  leading-edge t h r u s t  c o n s i d e r a t i o n s  so tha t  
r e l a t i v e l y  mild camber s u r f a c e s  may be employed i n  t h e  development of 
aerodynamic e f f i c i e n c i e s  comparable t o  those a t t a i n a b l e  i f  f u l l  t h e o r e t i c a l  
leading-edge t h r u s t  could be achieved. The program a l s o  is a p p l i c a b l e  t o  t h e  
des ign  of s h a r p  leading-edge wings, which is  a c t u a l l y  j u s t  a l i m i t i n g  case of 
the a t t a i n a b l e  t h r u s t  design. A special f e a t u r e  of t he  program p e r m i t s  t h e  
des ign  of mission adap t ive  surfaces--special  leading-edqe and t r a i l i n g - e d g e  
s u r f a c e  mod i f i ca t ions  t h a t  may be employed for improved performance a t  
s p e c i f i e d  f l i g h t  condi t ions.  The program provides  a n  a n a l y s i s  as w e l l  as a 
des ign  c a p a b i l i t y  and is  a p p l i c a b l e  t o  both subsonic  and supe r son ic  flow. 
Reference 6 introduced a wing eva lua t ion  program t h a t  w a s  later expanded 
t o  provide f o r  t he  e v a l u a t i o n  of leading- and t r a i l i ng -edge  f l a p  systems i n  
r e f e r e n c e  3 and a l s o  provided the  subsonic wing s u r f a c e  e v a l u a t i o n  c a p a b i l i t y  
of t h e  wing design program. The methodology and computer program of r e f e r e n c e  
6 provide estimates of t h e  subsonic  aerodynamic performance of t r w i s  t e d  and 
cambered wings of a r b i t r a r y  planform w i t h  a t t a i n a b l e  t h r u s t  and vo r t ex  l i f t  
c o n s i d e r a t i o n s  taken i n t o  account. The computational system is based on a 
l i n e a r i z e d  theory l i f t i n g  s u r f a c e  s o l u t i o n  which p rov ides  a spanwise 
d i s t r i b u t i o n  of t h e o r e t i c a l  leading-edge t h r u s t  i n  a d d i t i o n  to  t h e  s u r f a c e  
d i s t r i b u t i o n  of p e r t u r b a t i o n  velocities. I n  c o n t r a s t  t o  the commonly accepted 
p r a c t i c e  of o b t a i n i n g  l i n e a r i z e d  theory r e s u l t s  by simultaneous s o l u t i o n  of a 
l a r g e  set  of equa t ions ,  t h i s  method r e l i e s  on a s o l u t i o n  by i t e r a t i o n .  
Reference 3 d e s c r i b e s  a r ev i sed  wing e v a l u a t i o n  program t h a t  p rov ides  f o r  
t h e  s imultaneous a n a l y s i s  of up to  25 p a i r s  of leading-edge and t r a i l i n g - e d g e  
d e f l e c t i o n  schedu les  of simple hinged low-speed f l a p  s y s t e m s  i n  a d d i t i o n  to  
t h e  a n a l y s i s  of tw i s t ed  and cambered wings of a r b i t r a r y  planform. 
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Both the  design program ( r e f e r e n c e  1 )  and t h e  e v a l u a t i o n  program 
( re fe rence  3) employ c o n s t a n t  s i z e  elements,  excep t  a t  the  wing l e a d i n g  and 
t r a i l i n g  edge. T h i s  arrangement is w e l l  s u i t e d  t o  the  hand l ing  of s p e c i a l  
des ign  areas  and leading-  and t r a i l i ng -edge  f l a p  regions.  
The computer programs: 
"WINGDES - Design of Wing Sur faces  a t  Subsonic o r  Supersonic 
Speeds" LAR-13315 
"SUBAERF - Aerodynamic Analysis  of Low-Speed Wing F lap  
Systems" LAR-13116 
may be obtained f o r  a f e e  from: 
Computer Software Management and 
Information Center (COSMIC) 
112 Barrow H a l l  
Un ive r s i ty  of Georgia 
Athens, GA 30602 
(404) 542-3265 
D B I G N  OF CANDIDATE FLAP SYSTm 
The wing des ign  program, "WINGDES," de sc r ibed  i n  r e f e r e n c e  1 w i l l  f i r s t  
be app l i ed  to the  design of f l a p  systems f o r  a t h i n  wing with a s h a r p  l e a d i n g  
edge. In  ano the r  s e c t i o n  of t h i s  r e p o r t ,  design of f l a p  systems w i t h  rounded 
l e a d i n g  edges w i l l  be t r e a t e d .  The design program provides  two op t ions  w h i c h  
may be used i n  the s e l e c t i o n  of cand ida te  f l a p  systems. The f i r s t  selects an  
optimized camber s u r f a c e  from a set  of cand ida te  s u r f a c e s  which cover t h e  
e n t i r e  wing area. The second provides  f o r  t he  design of an optimized camber 
s u r f a c e  se l ec t ed  from a set  of cand ida te  s u r f a c e s  which cover only s p e c i f i e d  
l ead ing  and t r a i l i n g  edge areas. This op t ion  w a s  developed p r i m a r i l y  f o r  the 
design of "mission adap t ive  s u r f a c e s "  to  provide improved performance a t  
c e r t a i n  f l i g h t  c o n d i t i o n s  through leading-  and t r a i l i n g - e d g e  s u r f a c e  shape 
modif icat ions which leave the  major p o r t i o n  of the  wing unaffected.  
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Whole Wing Design 
Applicat ion of the winq design program op t ion  which covers  t h e  e n t i r e  
wing to the  s e l e c t i o n  of a cand ida te  f l a p  system is i l l u s t r a t e d  i n  f i g u r e  1. 
The wing planform inc lud ing  the  areas a l l o c a t e d  t o  l ead ing  and t r a i l i n g  edge 
f l a p s  is  shown i n  t h e  i n s e t  sketch.  It  is assumed t h a t  t h e  l ead ing  edge f l a p  
system may employ fou r  segments and the t r a i l i n g  edge system may employ t w o  
segments. For the sake of siiaplizity,  a l l  ef the  wing e x c l u s i v e  of t h e  f l a p  
areas is assumed t o  be uncambered and untwisted. The design c o n d i t i o n s  f o r  
t h i s  example are a Mach number of 0.5 and a l i f t  c o e f f i c i e n t  of 0.7. N o  
r e s t r a i n t s  on p i t c h i n g  moment are applied.  
Su r face  o r d i n a t e s  nondimensionalized with r e s p e c t  t o  the winq root chord 
are shown as a func t ion  of d i s t a n c e  behind t h e  l ead ing  edge also nondimension- 
a l i z e d  with r e s p e c t  to  the  wing r o o t  chord. A i r f o i l  s e c t i o n  mean camber 
s u r f a c e s  are shown f o r  f i v e  semispan loca t ions  from - = 0.1 to  - = 0.9. 
For convenience, t h e  program generated wing camber s u r f a c e  is shown f o r  a 
r e f e r e n c e  ang le  of a t t a c k  of O O .  Notice, t h a t  i n  a d d i t i o n  to  the  s e c t i o n  
camber, t h e r e  is a cons ide rab le  spanwise t w i s t .  This  is due t o  the spanwise 
growth i n  upwash a t  the  l ead ing  edge for t h i s  swept l e a d i n g  edge wing. The 
wing des ign  process  u t i l i z e s  t h i s  upwash to  gene ra t e  lift on s u r f a c e s  which 
are i n c l i n e d  so as t o  produce a d i s t r i b u t e d  t h r u s t  force.  According to  
program estimates, t h i s  camber surface should provide a r e l a t i v e l y  h igh  
aerodynamic e f f i c i e n c y ,  a s u c t i o n  parameter of 0.93 a t  t h e  des ign  
cond i t ions .  A well-designed f l a p  system should a t t empt  t o  match as c l o s e l y  as 
p o s s i b l e  t h e  s u r f a c e  and loadings of t h e  camber s u r f a c e  des ign ,  w i th  
p a r t i c u l a r  a t t e n t i o n  being qiven to t h e  winq outboard s t a t i o n s  were most of 
t h e  d i s t r i b u t e d  t h r u s t  i s  developed. The dashed l i n e  r e p r e s e n t s  an a t t empt  to  




l ead ing  and t r a i l i n q  edge f l a p  segments as shown i n  the ske tches  included i n  
t h e  f igure.  Note t h a t  i n  o r d e r  to  approximate the outboard s e c t i o n  o r d i n a t e s  
i t  w a s  necessary t o  rotate t h e  f l a t  wing s u r f a c e  t o  a r e fe rence  ang le  of 
a t t a c k  of -12 .0O.  This causes  a s u b s t a n t i a l  discrepancy between t h e  t w o  
s u r f a c e s  for t h e  a f t  p o r t i o n  of t h e  inboard s t a t i o n s .  C l e a r l y ,  a l a r g e  chord 
inboard t ra i l ing-edge f l a p  would be d e s i r a b l e .  I n  t h e  absence of such a f l a p ,  
t he  r e s t r i c t e d  area t r a i l i n g  edge f l a p  w i l l  require l a r g e  d e f l e c t i o n s  t o  
produce comparable loadings.  There is seen t o  be much more "guess work" 
involved i n  s e l e c t i o n  of t r a i l i n g - e d q e  f l a p  d e f l e c t i o n s  than i n  s e l e c t i o n  of 
leading-edge f l a p  d e f l e c t i o n s .  A l s o  n o t i c e  t h a t  a l a r g e r  chord leading-edge 
f l a p  f o r  t h e  o u t e r  segments would provide a b e t t e r  match with t h e  wing des ign  
program surface.  However, w i th in  the c o n s t r a i n t s  of the p r e s e n t  problem, t h e  
f l a p  d e f l e c t i o n  schedule  r ep resen ted  by t h e  dashed l i n e  should provide a 
reasonably high l e v e l  of aerodynamic e f f i c i e n c y - l e s s  than t h a t  of t h e  camber 
s u r f a c e ,  but cons ide rab ly  b e t t e r  than t h a t  of t h e  f l a t  wing. 
Hission Adaptive Wing Design 
I n  view of some of t h e  u n c e r t a i n t i e s  involved i n  the use of t h e  whole 
wing design approach j u s t  d i scussed ,  t h e  a l t e r n a t e  program o p t i o n  f o r  t h e  
design of mission adap t ive  s u r f a c e s  could be expected to  provide a n  i d e a l  
s o l u t i o n .  However, t h e  program u s e r  needs t o  be aware of complicat ions t h a t  
are pointed out i n  the fol lowing example. The same design cond i t ions  as used 
i n  t h e  whole winq desiqn are a p p l i e d  to  the mission adap t ive  desiqn shown i n  
f i g u r e  2. The i n s e t  ske t ch  d e l i n e a t e s  wi th  ha t ch ing  the  wing areas t o  be 
a f f e c t e d  by t h e  mission adap t ive  design. Design area chords are taken t o  be 
uuyuc a h n , . C  Am- ".&= and one-half t i m e s  t h e  a c t u a l  f l a p  chords. As i l l u s t r a t e d  i n  f i g u r e  
2, t h i s  provides a convenient way of d e f i n i n g  f l a p  s u r f a c e  s lopes  by extending 
the mid region s u r f a c e  t o  t h e  f l a p  hinge l i n e  l o c a t i o n  and connect ing t h i s  
- 
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p o i n t  t o  e i t h e r  t h e  wing l ead ing  o r  t r a i l i n g  edqe as appropr i a t e .  I n  u s i n g  
the program f o r  this purpose, it is n o t  necessary or d e s i r a b l e  to  use  a number 
of t r a i l i n g - e d g e  cand ida te  s u r f a c e s  q r e a t e r  than the  number of t ra i  ling-edge 
f l a p  segments. For example, a s i n q l e  segment t r a i l i ng -edge  f l a p  would r e q u i r e  
only the f i r s t  t r a i l i n g - e d g e  cand ida te  s u r f a c e  which r e s u l t s  i n  a c o n s t a n t  
d e f l e c t i o n  angle.  I n  t h e  p r e s e n t  case of a two segment t r a i l i n g - e d g e  f l a p ,  
t h e  f i r s t  two t r a i l i n q - e d q e  cand ida te  s u r f a c e s  would d e f i n e  a d e f l e c t i o n  
schedule  wi th  a c o n s t a n t  term and a l i n e a r  v a r i a t i o n  with spanwise p o s i t i o n .  
Recall t h a t  f o r  t h i s  design problem no r e s t r a i n t  has  been placed on 
p i t c h i n g  moment. Applicat ion of t he  mission adap t ive  design op t ion  t o  pro- 
blems of t h i s  sort has shown t h a t  t h e  numerical s o l u t i o n s  tend t o  ca l l  f o r  
g r e a t e r  use of leading-edge s u r f a c e s  and less use of t r a i l i n g - e d g e  s u r f a c e s  
than would a t r u e  optimum desiqn. The d i f f i c u l t y  seems t o  be a s s o c i a t e d  wi th  
a design process  t h a t  u s e s  normal and a x i a l  forces i n s t e a d  of l i f t  and d rag  i n  
the  op t imiza t ion  procedures.  This i s  a characteristic common t o  a l l  l i n e -  
a r i z e d  theory desiqn methods because a fundamental assumption is t h a t  a l l  
s u r f a c e  s l o p e s  are small. The problem does n o t  arise t o  any a p p r e c i a b l e  
e x t e n t  f o r  t h e  whole wing design,  b u t  does a f f e c t  r e s u l t s  f o r  t h e  mission 
adap t ive  des ign  where r e l a t i v e l y  l a r g e  surf  ace s l o p e s  are needed to  gene ra t e  
t h e  r e q u i r e d  loadings on r e s t r i c t e d  areas. An improved design can be found by 
running t h e  mission adap t ive  design program f o r  a s e l e c t e d  series of des ign  
p i t c h i n g  moment c o e f f i c i e n t s  and u s i n g  a p l o t  such as t h a t  shown i n  t h e  i n s e t  
ske t ch  of f i g u r e  2 t o  f i n d  an  improved design. The u n r e s t r a i n e d  design 
p rov ides  a s u c t i o n  parameter of about 0.89 and a Cm,deS of about  -0.12, where- 
as an optimum Ss of abou t  0.92 is s e e n  to occur f o r  a Cm,deS of abou t  -0.22. 
This  l a r g e  negat ive moment might present  a t r i m  d rag  problem i n  an a i r p l a n e  
desiqn p r o j e c t .  When h o r i z o n t a l  t a i l  or canard t r i m  c o n t r i b u t i o n s  are 
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considered i n  the  d e f i n i t i o n  of a d e s i r e d  wing moment c o e f f i c i e n t  and t h a t  
moment is  s p e c i f i e d  as a wing design program i n p u t ,  a better o v e r a l l  design 
should r e s u l t .  I n  t h a t  case, t h e  p rev ious ly  desc r ibed  s e a r c h  f o r  optimum 
performance of the  wing a lone  is avoided. 
The s o l i d  l i n e  shown on the o r d i n a t e  p l o t  of f i g u r e  2 shows the s e l e c t e d  
des ign  corresponding t o  a Cmldes= -.22 r e s t r a i n t .  This mission a d a p t i v e  
des ign  c l e a r l y  s i m p l i f i e s  t h e  t a s k  of d e f i n i n g  f l a p  d e f l e c t i o n  schedules  t h a t  
approximate t h e  camber su r face .  The d e f l e c t i o n  schedules  c a l l e d  f o r  are n o t  
g r e a t l y  d i f f e r e n t  than those t h a t  r e s u l t e d  from t h e  whole wing design. The 
primary d i f f e r e n c e  is i n  t h e  t r a i l i n g  edge schedule which probably is t h e  
r e s u l t  of the imposi t ion of the  moment r e s t r a i n t .  The s e l e c t e d  mission adap- 
t i v e  camber s u r f a c e  desiqn has a s u c t i o n  parameter only s l i g h t l y  less than 
t h a t  of the whole wing design. Subsequent e v a l u a t i o n  of t h e  performance 
p o t e n t i a l  of the two cand ida te  f l a p  systems showed only neg l igab le  d i f -  
f e r ences .  Therefore ,  t h e  d e t a i l e d  a n a l y s i s  of t h e  e s t ima ted  f l a p  system 
performance t o  be covered i n  t h e  fol lowing s e c t i o n  of t h i s  paper w i l l  be f o r  
only one of t h e  systems, t h a t  generated by the  whole wing design. 
TaEoRETICAL EVALUATION OF CANDIDATE FLAP S Y m  
The aerodynamic performance of t he  cand ida te  f l a p  system can n o t  be 
expected to match t h a t  of t he  cambered and tw i s t ed  wing s u r f a c e  from which it 
is derived. F i r s t ,  the  flap-mean camber s u r f a c e  is only a n  approximation of 
t h e  designed s u r f a c e ,  and the  connected s t r a i g h t  l i n e  a i r f o i l  is  i n h e r e n t l y  
less e f f i c i e n t  than the continuous curve. Second, t h e  s h a r p  l ead ing  edge and 
the  su r face  breaks a t  the  hinge l i n e s  of the f l a p s  can induce flow s e p a r a t i o n  
which may lead t o  f u r t h e r  performance decrements. The f l a p  system e v a l u a t i o n  
of reference 3 can account f o r  t he  f i r s t  of t h e s e  e f f e c t s  and thus  can provide 
a n  est imate  of t he  aerodynamic performance p o t e n t i a l  a s s o c i a t e d  wi th  a 
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predominantly a t t a c h e d  flow. It  should be noted,  however, t h a t  f o r  t h i s  
program an a c c u r a t e  numerical a n a l y s i s  r equ i r e s  d e f l e c t e d  f l a p  s u r f a c e s  t o  be 
r ep resen ted  by no less than t w o  program elements  f o r  t h e  smallest f l a p  
chord. Reference 1 g i v e s  a simple way of e s t i m a t i n g ,  on an average basis, t he  
number of elements t h a t  can be expected t o  be included i n  a given chord. 
Performance of Candidate Flap System 
P r e d i c t i o n s  of t h e  aerodynamic performance of the cand ida te  f l a p  system, 
wi th  the nominal f l a p  d e f l e c t i o n  schedules dep ic t ed  i n  f i g u r e  1 ,  qiven by the 
wing e v a l u a t i o n  program, "SUBAERF", a r e  shown i n  f i g u r e  3. The l i f t - d r a g  
p o l a r  curve of t h e  wing with f l a p s  is compared wi th  t h a t  of the cambered wing 
from which the  f l a p  system w a s  derived and with t h a t  of t h e  f l a t  wing 
(unde f l ec t ed  f l a p s ) .  These program results are a l s o  compared w i t h  t h e o r e t i c a l  
l i m i t s  f o r  a wing with an e l l i p t i c a l  span load d i s t r i b u t i o n  (uniform downwash) 
and f o r  a f l a t  wing wi thou t  leading-edge t h r u s t  or sepa ra t ed  f l o w  vo r t ex  
fo rces .  A t  the  design l i f t  c o e f f i c i e n t ,  the  wing with f l a p s  is es t ima ted  t o  
be capable  of producing a t  best a suct ion parameter of about  0.77 compared t o  
the  cambered wing s u c t i o n  parameter of about 0.93. 
Performance of Flap S y s t e m  Family 
I n  a d d i t i o n  t o  the  d a t a  f o r  t h e  nominal f l a p  d e f l e c t i o n  schedule  shown i n  
f i g u r e  3, t h e  wing a n a l y s i s  program can a l s o  provide similar d a t a  f o r  smaller 
and l a r g e r  d e f l e c t i o n s  of e i t h e r  leading- or t r a i l i n g - e d g e  f l a p s .  The 
t angen t s  of t h e  nominal set of d e f l e c t i o n  a n g l e s  are m u l t i p l i e d  by program 
i n p u t  f a c t o r s .  Up t o  5 leading-edge m u l t i p l i c a t i o n  f a c t o r s  ( i n c l u d i n g  t h e  
nominal va lue  of 1.0) and up t o  5 t r a i l i n g - e d g e  m u l t i p l i c a t i o n  f a c t o r s  
( i n c l u d i n g  t h e  nominal value of 1.0) may be employed. The program p rov ides  
d a t a  f o r  a l l  possible combinations up t o  t h e  maximum of 25. This  c a p a b i l i t y  
makes it p o s s i b l e  t o  c o l l e c t ,  wi th  l i t t l e  a d d i t i o n a l  e f f o r t ,  t h e  d a t a  
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necessary  f o r  the  p repa ra t ion  of performance maps such as tha t  shown i n  f i g u r e  
4. The map contour  l i n e s  show combinations of leading-edge and t r a i l i ng -edge  
f a c t o r s  t ha t  produce a given performance l e v e l  as de f ined  by the s u c t i o n  
parame te r . 
It  i s  seen t h a t  the  peal: performance, a s u c t i o n  parameter  of about  0.77, 
is achieved f o r  leadinq-edge and t r a i l i ng -edge  f a c t o r s  t h a t  are both  close t o  
1.0. I n  v i e w  of t h e  u n c e r t a i n t y  i n  t h e  s e l e c t i o n  of t r a i l i ng -edge  f l a p  
de f l ec t ion  ang le s ,  such a close correspondence cannot  normally be expected.  
If the  optimum performance had been found t o  occur  f o r  d e f l e c t i o n s  f a r  
d i f f e r e n t  than t h e  nominal va lues  it would have been necessary  t o  r e d e f i n e  t h e  
nominal values because the program r e s u l t s  are most a c c u r a t e  for def l e c t i o n s  
a t  t h e  nominal values.  Aerodynamic c h a r a c t e r i c s  for o t h e r  d e f l e c t i o n s  are 
found by use of p e r t u r b a t i o n  methods which in t roduce  some inaccurac i e s .  
Notice t h a t  t h e r e  is a w i d e  range of d e f l e c t i o n  combinations t h a t  y i e l d  
performance l e v e l s  n o t  much l o w e r  than  t h a t  of the optimum combination. There 
is seen  t o  be an i n v e r s e  r e l a t i o n s h i p  between leading-edge and t r a i l i n g - e d g e  
de f l ec t ions .  An i n c r e a s e  i n  t r a i l i ng -edge  d e f l e c t i o n  r e q u i r e s  a decrease i n  
leadinq-edge d e f l e c t i o n  t o  r e t a i n  good performance l e v e l s .  A s  w i l l  be seen  
later,  when t h e  p o s s i b i l i t y  of excess ive  flow s e p a r a t i o n  is  suspec ted  there is 
an  advantage to  be gained by f avor ing  l a r g e r  trail- ing-edge d e f l e c t i o n s  and 
smaller leading-edge d e f l e c t i o n s .  I n  e x p l a i n i n g  the r e l a t i v e l y  good pe r fo r -  
mance a t t a i n a b l e  w i t h  t h e  t r a i l i ng -edge  f laps  a lone  it may be h e l p f u l  t o  t h i n k  
of t h e  remainder of t he  wing as a very l a r g e  area leading-edge flap. 
Comparison of Wing w i t h  Flaps and Cambered Wing 
Fir~iire E; w i l l  hPlp to i _ l lu r t r a t~  thp way ifi which the win? w i t h  the 
cand ida te  f l a p  system ( w i t h  t he  nominal f l a p  d e f l e c t i o n  schedule  of f i g u r e  1 )  
approaches the s u r f a c e  shape and p r e s s u r e  loadings  of the cambered wing. A t  
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t he  l e f t  of t he  f i g u r e ,  nondimensionalized s u r f a c e  o r d i n a t e s  are shown as a 
f u n c t i o n  of nondimensionalized d i s t a n c e  behind the l ead ing  edge f o r  5 repre- 
s e n t a t i v e  semispan s t a t i o n s .  These o rd ina te s  r e p r e s e n t  the wing a t  the  a t t i -  
tude r equ i r ed  f o r  gene ra t ion  of t h e  design l i f t  c o e f f i c i e n t  of 0.7. A t  t h e  
r i q h t  of t h e  f i g u r e  are shown the l i f t i n q  p r e s s u r e  d i s t r i b u t i o n s  f o r  t he  same 
semispan s t a t i o n s  a t  t h e  lift c o e f f i c i e n t  of 0.7. Note p a r t i c u l a r l y  the 
outboard s t a t i o n s  where a cons ide rab le  port ion of t h e  loading is developed on 
t h e  f r o n t  of a i r f o i l  s e c t i o n  where t h e  s u r f a c e  slopes w i l l  provide a t h r u s t  
r a t h e r  than a d rag  force.  This is made p o s s i b l e  by the upwash f i e l d  ahead of 
t h e  wing l e a d i n g  edge which is generated i n  l a r g e  p a r t  by the forward and 
inboard regions of the wing. The f l a p  system w a s  s e l e c t e d  to  approach as 
c l o s e l y  as p o s s i b l e  (wi th in  t h e  des ign  r e s t r a i n t s  1 the s u r f a c e s  and load ings  
of t he  optimized cambered wing. A s  can be seen  i n  t h i s  f i g u r e  and i n  the  
p rev ious  d a t a ,  a reasonable  s e l e c t i o n  has been made. A d i f f i c u l t y  t h a t  may be 
a n t i c i p a t e d  i n  the  a c t u a l  performance of the  f l a p  system i s  a s s o c i a t e d  wi th  
t h e  p r e s s u r e  peaks t h a t  occur a t  the leading edge and a t  the  hinge l i n e s .  
Except a t  very h igh  Reynolds numbers, it may n o t  be p o s s i b l e  t o  reach p r e s s u r e  
levels which s a t i s f y  the requirements f o r  a t t a c h e d  flow around s h a r p  
co rne r s .  A s  w i l l  be exp la ined  later,  the most s eve re  impact on performance 
may be due to  the  s e p a r a t i o n  t h a t  can occur a t  t h e  leading-edge f l a p  hinge 
l i n e .  
gffect of Leading-Edge Flap Deflection 
The s e n s i t i v i t y  of t h e  f l a p  system performance t o  leading-edge f l a p  
d e f l e c t i o n  may be explored with t h e  a i d  of f i g u r e  6. Sec t ion  normal and a x i a l  
f o r c e  c o e f f i c i e n t s  are shown as a funct ion of leading-edge f l a p  d e f l e c t i o n  
a n g l e  f o r  each of f o u r  semispan s t a t i o n s  a t  o r  near t h e  f l a p  segment 
midpoint. The v e r t i c a l  dashed l i n e  shows the nominal candidate  f l a p  system 
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d e f l e c t i o n  angle  f o r  each segment as shown on the schedule  p l o t s  of f i g u r e  
1. As pointed o u t  before ,  t hese  ang le s  produced the best performance f o r  t he  
f l a p  system family and thus are also t h e  optimum anqles .  For these p l o t s ,  as 
t h e  d e f l e c t i o n  angle  of a given segment is altered,  the  d e f l e c t i o n  ang le s  of 
the o t h e r  segments are n o t  he ld  c o n s t a n t  a t  the nominal ang le s  b u t  are 
inc reased  o r  decreased i n  unison by t h e  same p ropor t ions  r e l a t i v e  t o  the 
nominal values. The t r a i l i n g - e d g e  f l a p  ang le s  are he ld  c o n s t a n t  a t  t h e  nomi- 
n a l  values  indicated on t h e  i n s e t  sketch.  As leading-edge f l a p  d e f l e c t i o n s  
are increased i n  unison, t he  winq anqle  of attack i s  inc reased  to  p rese rve  t h e  
des ign  l i f t  c o e f f i c i e n t  of 0.7. 
For the o u t e r  three wing semispan s t a t i o n s  the s e c t i o n  normal f o r c e  
c o e f f i c i e n t  dec reases  w i t h  i n c r e a s i n g  leading-edge f l a p  d e f l e c t i o n  ang le s .  
For the inboard s t a t i o n ,  however, t he  i n c r e a s i n g  wing angle  of a t t a c k  more 
than compensates f o r  t h e  loss of the  f l a p  loading,  and the s e c t i o n  normal 
f o r c e  inc reases  w i t h  i n c r e a s i n g  d e f l e c t i o n .  The g e n e r a l l y  higher  level of 
s e c t i o n  a x i a l  f o r c e  c o e f f i c i e n t  f o r  the two inboard semispan s t a t i o n s  is  due 
p r i m a r i l y  to  the l a r g e r  t r a i l i ng -edge  f l a p  d e f l e c t i o n  ( 2 0 °  f o r  the two inboard 
s t a t i o n s ,  l oo  f o r  the two outboard) .  The s e c t i o n  a x i a l  f o r c e  f i r s t  dec reases  
wi th  inc reas inq  d e f l e c t i o n  ang le ,  reaches a minimum, and then i n c r e a s e s  w i t h  
f u r t h e r  de f l ec t ion .  As t he  leading-edge d e f l e c t i o n  ang le  i n c r e a s e s  t h e  f ron -  
t a l  area p ro jec t ion  on which t h r u s t  can be r e a l i z e d  i n c r e a s e s  as the  s i n e  of 
the angle .  A t  t h e  same t i m e ,  t he  loading t o  produce such a t h r u s t  dec reases  
uniformly u n t i l  a t  some p o i n t  t h e  loading goes t o  zero. W e l l  b e fo re  t h a t  
occurs ,  a p o i n t  of diminishing r e t u r n s  i s  reached where the t h r u s t  
cnntrib11tiofi is z ~ ~ x i m i ~ e d .  The o p t i m u m  aerodynamic Fiforiii2fii.e of LIZ flap is 
reached somewhat be fo re  t h e  a x i a l  f o r c e  minimum because of the dec reas ing  
normal force. Note the  g e n e r a l  tendency to  a requirement f o r  l a r g e r  
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u n t i l  it reaches a maximum somewhat inboard of t h e  winq t i p .  
The Role of the V o r t e x  Force 
As s t a t e d  a t  the  o u t s e t  of t h i s  study, it is presumed t h a t  maximization 
of f l a p  system aerodynamic performance r equ i r e s  flow p a t t e r n s  t h a t  i n s o f a r  as 
possible are predominantly a t t ached .  However, f o r  t he  s h a r p  leadinq-edqe 
f l a p s  now being d i scussed ,  completely a t t ached  flow is  no t  p o s s i b l e ;  t hus  it 
would be of i n t e r e s t  to  examine t h e  c o n t r i b u t i o n  made by the s e p a r a t e d  
leadinq-edqe vortex forces .  For this purpose, t he  account ing system of the 
Polhamus l e a d i n g  edge s u c t i o n  analogy ( r e fe rence  4 )  is  employed. For a f l a t  
winq s e c t i o n  with a flow t h a t  s e p a r a t e s  a t  t h e  l ead ing  edge and r e a t t a c h e s  
be fo re  the t r a i l i n q  edge, t he  vortex force is set  equa l  t o  the  l ead inq  edge 
s u c t i o n  f o r c e  (ct /cosh) .  I n  o t h e r  words the  l ead inq  edge t h r u s t  i s  no t  l o s t  
when the  flow s e p a r a t e s ,  b u t  appears as a normal rather than an a x i a l  force. 
The normal force a s s o c i a t e d  with the p o t e n t i a l  flow about  t he  s e c t i o n  i n  the  
absence of s e p a r a t i o n  is undiminished. The vortex f o r c e  is thus  simply an 
a d d i t i o n a l  normal force component y i e ld ing  a non l inea r  v a r i a t i o n  of normal 
f o r c e  and lift with angle  of a t t a c k .  That system is r e t a i n e d  i n  the  p r e s e n t  
program a n a l y s i s ,  excep t  t h a t  the t h e o r e t i c a l  leadinq-edge t h r u s t  c o e f f i c i e n t  
accounts  f o r  a wing camber s u r f a c e  or a d e f l e c t e d  f l a p  s u r f a c e  according to  
t h e  method desc r ibed  i n  r e fe rence  6, and an  estimate of t he  vo r t ex  f o r c e  
d i s t r i b u t i o n  is provided as descr ibed i n  r e f e rence  2. 
I 
I 
Figure 7 shows t h e  c o n t r i b u t i o n  of the vortex f o r c e  to  s e c t i o n  a x i a l  
Y f o r c e  a t  a n  outboard wing semispan s t a t i o n  (-- = 0.7) f o r  t h e  t w o  vortex 
b/2 
l o c a t i o n  o p t i o n s  provided by the wing eva lua t ion  program of r e f e r e n c e  2. The 
plots  show a x i a l  f o r c e  c o e f f i c i e n t  as a func t ion  of leading-edge f l a p  d e f l e c -  
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t i o n  angle ,  and t h e  i n s e t  ske tches  show s e c t i o n  p r o f i l e s  and program p r e s s u r e  
d i s t r i b u t i o n s  f o r  s e l e c t e d  d e f l e c t i o n  angles .  A t  t h e  l e f t  of t h e  f i g u r e  d a t a  
are shown f o r  a vor tex  l o c a t i o n  op t ion  based on exper imenta l  d a t a  f o r  f l a t  
s h a r p  leading edge d e l t a  wings. H e r e ,  the  program c a l c u l a t e d  vor tex  c o n t r i -  
bu t ion  t o  a x i a l  f o r c e  is n e g l i g i b l e  because,  even f o r  anqles  near the  optimum, 
t h e  vortex is  d i s t r i b u t e d  over  much of t he  s e c t i o n  chord, and there i s  only a 
sma l l  loadinq on the d e f l e c t e d  f l a p  where a t h r u s t  can he generated.  The 
vo r t ex  loca t ion  opt ion  developed by Lan i n  r e fe rence  7 p l aces  the  vor tex  much 
c l o s e r  t o  t h e  wing l ead inq  edge. As shown a t  the r i g h t  of t h e  f i g u r e ,  t h i s  
o p t i o n  i n d i c a t e s  a much more s u b s t a n t i a l  c o n t r i b u t i o n  of t he  vor tex  f o r c e  to  
the  sec t ion  a x i a l  force .  With t h i s  op t ion ,  the  program gives  an improved winq 
o v e r a l l  suc t ion  parameter of about  0.83 (compared t o  about  0.77 f o r  the other 
o p t i o n )  which occurs f o r  smaller d e f l e c t i o n  angles .  Even w i t h  t h i s  op t ion ,  
however, the vor tex  c o n t r i b u t i o n  is  only about  15 p e r c e n t  of the total  f o r c e  
on t h e  leadinq edge f l a p .  There is  only a sma l l  amount of d a t a  c u r r e n t l y  
a v a i l a b l e  t o  show which of these t w o  l o c a t i o n  methods provides  the more 
accurate es t imates  f o r  d e f l e c t e d  l ead ing  edge f l a p s .  The matter can a l s o  be 
f u r t h e r  complicated by t h e  choice of numerical  methods f o r  the c a l c u l a t i o n  of 
t h e o r e t i c a l  leading-edge t h r u s t .  
For reasons t o  be d iscussed  later,  it may be d e s i r a b l e  to  have the  flow 
which separated a t  t h e  l ead ing  edge r e t u r n  t o  t h e  s u r f a c e  a t  the leading-edge 
f l a p  hinge l i n e .  This des ign  p r i n c i p a l  f o r  "vor tex  f l a p s "  has been suggested 
i n  reference 5. For t h e  d e l t a  wing vo r t ex  l o c a t i o n  opt ion ,  t h i s  cond i t ion  is 
n o t  reached u n t i l  the leading-edge f l a p  d e f l e c t i o n  angle  reaches 40°. Thus i f  
flew r e a t t a c h ~ ~ ~ t  2t he hinge l i n e  is ~ s s e n t i ~ :  t~ real 5 1 ~ ~  peifrrmafiee 
and t h e  de l t a  wing vor tex  l o c a t i o n  op t ion  i s  c o r r e c t ,  t h e r e  would be a s m a l l  
performance p e n a l t y  r e l a t i v e  t o  the t h e o r e t i c a l  p o t e n t i a l  f low optimum 
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s o l u t i o n .  For t h e  vortex l o c a t i o n  option given by Lan, reat tachment  a t  t h e  
hinge l i n e  occurs  a t  a d e f l e c t i o n  ang le  of less than l o o  and t h e r e  would be a 
s u b s t a n t i a l  performance pena l ty  relative t o  t h e  performance estimates given by 
t h e  wing e v a l u a t i o n  program. I f ,  as is l i k e l y ,  t h e  c o r r e c t  vo r t ex  l o c a t i o n  is  
somewhere between those given by t h e  two op t ions ;  t h e r e  is  a c~ood p o s s i b i l i t y  
t h a t  t he  hinge l i n e  reat tachment  condi t ion would correspond to  r e l a t i v e l y  goad 
t h e o r e t i c a l  performance levels. 
CXXWARISON OF -RETICAL AND SEPARATm Fulw 
The preceding d i scuss ion ,  which i n d i c a t e s  tha t  f o r c e s  a s s o c i a t e d  wi th  
flow s e p a r a t i o n  are a small part of the t o t a l ,  seems to  suppor t  t he  con ten t ion  
t h a t  t h e  f low about  p rope r ly  designed f l a p  systems may be predominantly 
a t t a c h e d ,  even f o r  wings with sha rp  leading edges. The r e l a t i o n s h i p  between 
a t t a c h e d  flow and sepa ra t ed  flow f o r  f l a p  systems may be f u r t h e r  explored wi th  
t h e  a i d  of the  ske tches  of f i g u r e  8. This f i g u r e  d e p i c t s  s chemat i ca l ly  the 
t h e o r e t i c a l  a t t a c h e d  flow and t h e  p o s t u l a t e d  s e p a r a t e d  flow about  a s h a r p  
leading-edqe wing s e c t i o n  wi th  three d i f f e r e n t  leading-edge f l a p  def lec- 
t i o n s .  Sketches a l s o  show the  corresponding chordwise p r e s s u r e  d i s t r i b u t i o n s .  
A t  t he  l e f t  of t he  f i g u r e  are shown ske tches  f o r  a s m a l l  leading-edge 
f l a p  d e f l e c t i o n .  For t h e  t h e o r e t i c a l  a t t ached  flow t h e  mean camber s u r f a c e  
wi th  i t s  s h a r p  breaks i n  d i r e c t i o n  l eads  t o  a p res su re  d i s t r i b u t i o n  wi th  s h a r p  
peaks ( a c t u a l l y  s i n g u l a r i t i e s  f o r  a true a n a l y t i c  s o l u t i o n ) .  With a s h a r p  
l e a d i n g  edge t h e  a c t u a l  f l o w  would detach a t  the l ead ing  edge and form a 
s e p a r a t e d  boundary l a y e r  flow region. For t h e  purposes of t he  fo l lowing  
d i s c u s s i o n  t h e  p o s t u l a t e d  f l o w  is assumed to  r e a t t a c h  ahead of the t r a i l i n g  
edge f l a p  hinge l i n e .  The gene ra l  cha rac t e r  of t h e  flow f i e l d  f o r  e i t h e r  
attached or sepa ra t ed  f l o w  is determined by s t r e a m l i n e s  j u s t  o u t s i d e  of the  
edge of t h e  boundary l a y e r  which are depicted he re  by t h e  arrows. J u s t  t h e  
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presence of the  boundary l a y e r ,  s epa ra t ed  o r  n o t ,  w i l l  tend to  s o f t e n  t h e  
p re s su re  peaks wherever they occur. For t h e  separa ted  flow, a gradual  and 
gene ra l  curvature  of t he  flow from t h e  l ead ing  edge back t o  the  rea t tachment  
p o i n t  w i l l  occur. The l i f t i n g  p res su re  d i s t r i b u t i o n  induced by the  p o t e n t i a l  
f low outs ide  of the boundary l a y e r  could be approximated by use  of l i f t i n g  
s u r f a c e  theory app l i ed  to  a n  e f f e c t i v e  mean camber su r face  such as that shown 
i n  t h e  sketch. For the  purposes of t h i s  a n a l y s i s ,  however, t h a t  s t e p  is n o t  
necessary.  I t  is s u f f i c i e n t  t o  note  tha t  t h e  r e s u l t a n t  l i f t i n g  f o r c e  over a 
given chordwise d i s t a n c e  may be equated t o  t h e  n e t  change i n  downward momentum 
of the  flow. Thus, i f  the  upwash j u s t  ahead o f  t he  lead ing  edge is  the  same 
f o r  both flow s i t u a t i o n s ,  and t h e  sepa ra t ed  flow r e a t t a c h e s  before  the  t r a i l -  
i n g  edge, the t o t a l  p o t e n t i a l  flow l i f t i n g  f o r c e  w i l l  be t h e  same f o r  both 
a t t ached  and separated flow. Within t h e  separa ted  flow reg ion ,  t h e r e  w i l l  be 
c i r c u l a t i o n  p a t t e r n s  qenerated by the  shed v o r t i c i t y  of the l ead ing  edge 
a s soc ia t ed  with the loss of lead ing  edge t h r u s t .  This  w i l l  c o n t r i b u t e  t o  t h e  
o v e r a l l  l i f t i n g  force t o  create a somewhat g r e a t e r  t o t a l  f o r  s epa ra t ed  flow. 
Rut, of course,  t h e  d i s t r i b u t i o n  f o r  t h e  sepa ra t ed  flow would be d i f f e r e n t ,  
and, f o r  the  s i t u a t i o n  shown he re ,  separation could lead  t o  a loss i n  
aerodynamic e f f i c i e n c y .  This  could happen because de lay  of t h e  major p a r t  of 
t he  flow turn ing  t o  f u r t h e r  a f t  p o s i t i o n s  would r e s u l t  i n  a loss of t h e  
d i s t r i b u t e d  t h r u s t  on the  d e f l e c t e d  f l a p  sur face .  
A t  the c e n t e r  of the figure, flow p a t t e r n s  and pressure d i s t r i b u t i o n s  f o r  
a moderate leadinq-edge d e f l e c t i o n  are shown. With t h e  l ead ing  edqe more 
n e a r l y  a l iqned wi th  the  upwash ahead of t he  wing, a reduced vor tex  f o r c e  and a 
smal l er  separated f1e.q re$.=> w = . ~ l d  be expected. For the pii~pcjses of this 
d i scuss ion ,  the  flow is assumed t o  r e a t t a c h  a t  t h e  leadinq-edge f l a p  hinge 
l i n e .  The n e t  change i n  downward momentum from j u s t  ahead of t h e  winq l ead ing  
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edge to  a p o i n t  j u s t  a f t  of t he  leading-edge f l a p  hinge l i n e  w i l l  be the same 
f o r  both a t t ached  and sepa ra t ed  flow, and the p o t e n t i a l  flow fo rce  on t h e  f l a p  
i t s e l f  w i l l  a l s o  be the  same f o r  both flow p a t t e r n s .  With t h e  smal l  vo r t ex  
f o r c e  a s s o c i a t e d  wi th  c i r c u l a t i o n  within t h e  sepa ra t ed  reg ion  taken i n t o  
account ,  t h e  t o t a l  loading  on the  f l a p  w i l l  be somewhat l a r g e r  f o r  s e p a r a t e d  
flow than f o r  a t tached .  Thus t h e r e  w i l l  be no l o s s  i n  l i f t i n g  e f f i c i e n c y  f o r  
t h e  sepa ra t ed  flow relative t o  t h e  a t tached  flow except  f o r  t he  exchange of 
t h e  t h e o r e t i c a l  t h r u s t  f o r  t h e  less e f f i c i e n t  vor tex  force .  But s i n c e  t h e  
s h a r p  l e a d i n g  edge prec ludes  the  a t ta inment  of any leading-edge t h r u s t ,  t h e  
degree of flow s e p a r a t i o n  considered here is a c t u a l l y  an advantage. The flow 
dep ic t ed  h e r e  would be considered t o  be predominantly a t t ached .  I f  t he  f low 
reattaches ahead of the hinge l i n e ,  it may n o t  be able to  n e g o t i a t e  the s h a r p  
t u r n  a t  t he  hinge l i n e  w i t h o u t  s e p a r a t i n g  the re .  T h i s  could lead t o  a loss i n  
l i f t i n g  e f f i c i e n c y  because some of the flow tu rn ing  that o therwise  would occur 
a t  the  d e f l e c t e d  f l a p  would be f e l t  f u r t h e r  a f t  and would r e s u l t  i n  a loss of 
t h r u s t .  Reattachment a f t  of t he  hinge l i n e  a l s o  would l ead  t o  losses i n  
e f f i c i e n c y  f o r  reasons prev ious ly  discussed.  
The d a t a  of f i g u r e  7 showed t h a t  good t h e o r e t i c a l  performance can extend 
t o  leading-edge f l a p  d e f l e c t i o n s  t h a t  are  l a r g e  enough t o  e s s e n t i a l l y  p l a c e  
t h e  l ead ing  edge i n  a l ignment  with the  upwash f i e l d  and reduce t h e  load ing  
j u s t  behind the  l ead ing  edge t o  n e a r l y  zero. Good performance f o r  such l a r g e  
d e f l e c t i o n s  depends on a concen t r a t ion  of l i f t i n g  p res su re  a t  the hinge 
l i n e .  As shown by t h e  ske tches  a t  t h e  r ight  of f i g u r e  8, a flow s e p a r a t i o n  
i n i t i a t e d  a t  the  hinge l i n e  of a h i g h l y  de f l ec t ed  leading-edge f l a p  could l ead  
t o  seve re  performance p e n a l t i e s .  With the  l ead ing  edge e s s e n t i a l l y  a l i g n e d  
wi th  t h e  flow ahead, a l l  of the tu rn ing  (which f o r  a f l a t  wing occurs  a t  t h e  
l e a d i n g  edge) must now be delayed t o  the  hinge l i n e .  Pressure  peaks of 
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similar  magnitude and having similar tendencies  f o r  t he  flow to  s e p a r a t e  may 
be expected. As shown i n  the  ske tches ,  the de l ay  of the upper s u r f a c e  t u r n i n g  
t o  a loca t ion  f u r t h e r  a f t  can r e s u l t  i n  a d r a s t i c  loss i n  t he  b e n e f i c i a l  
l oad ing  on the leading-edge f l a p  s u r f a c e  i t s e l f .  This  obviously is a s i t u a -  
t i o n  i n  which t h e  flow cannot be considered to  be predominantly a t t ached .  A 
p o s s i b l e  so lu t ion  to  the  hinge l i n e  s e p a r a t i o n  problem could be a design t h a t  
would provide a smoothing of t he  s h a r p  co rne r  t o  a l l o w  gradual  t u r n i n g  of t h e  
flow r a t h e r  than s h a r p  a change i n  d i r e c t i o n  a t  t h e  hinge l i n e  i t s e l f .  
I n  the preceding d i scuss ion ,  leading-edge f l a p  loadings w e r e  seen t o  be 
s e n s i t i v e  t o  the  degree of flow sepa ra t ion .  A simple a n a l y s i s  based on t h e  
ske tches  of f i g u r e  9 s e r v e s  t o  i n d i c a t e  t h e  s e n s i t i v i t y  of f l a p  system aero-  
dynamic performance ( l i f t  and drag c h a r a c t e r i s t i c s )  t o  changes i n  f l a p  
loading. 
For leading-edge f l a p s ,  as shown a t  t h e  l e f t  of the f i g u r e ,  a change i n  
loading on t h e  f l a p  s u r f a c e  i t s e l f  w i l l  produce changes i n  l i f t  and d rag  
c o e f f i c i e n t s  given by the  equat ion:  
The negative s ign  a p p l i e d  t o  t h e  f l a p  d e f l e c t i o n  angle  means t h a t  i n  most 
cases, a decrease i n  l i f t  caused by a loss i n  t h e  leading-edge f l a p  load ing  
w i l l  be accompanied by an i n c r e a s e  i n  drag. As f o r  t h e  sample case shown 
he re ,  there  w i l l  be a tendency a t  the  des ign  p o i n t  f o r  t h e  l i f t  and d r a g  
changes t o  follow a l i n e  more nea r ly  pe rpend icu la r  t o  than t angen t  t o  the  
l i f  t-drag curve e Flap system aerodym:ic p e r f o r ~ s f i ~ e  w i l l  therefore be 
extremely s e n s i t i v e  t o  the  leading-edge f l a p  f l o w  cond i t ions  ( t h e  degree of 
s e p a r a t i o n ) .  
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For t h e  t r a i l i n g - e d g e  f l a p  shown a t  the r i g h t  of t h e  f i g u r e ,  the s i t u a -  
t i o n  is q u i t e  d i f f e r e n t .  Changes i n  l i f t  and d rag  given by t h e  equat ion:  
dcD 
dCL 
- = t a n ( a  + 
mean tha t  a loss i n  t r a i l i n g - e d g e  f l a p  load ing  is  l i k e l y  to  in t roduce  on ly  
small changes i n  l i f t  t o  d rag  ratio i n  t h e  v i c i n i t y  of t h e  design p o i n t .  
There is even an i n d i c a t i o n  t h a t  if t r a i l i n g - e d q e  f l a p  d e f l e c t i o n s  are 
u n n e c e s s a r i l y  high,  f low s e p a r a t i o n  could compensate and b r i n g  about  a d r a g  
reduct ion.  I n  any case, f l a p  system aerodynamic performance w i l l  be much more 
s e n s i t i v e  t o  flow s e p a r a t i o n  a f f e c t i n g  t h e  leading-edge f l a p s  than to  flow 
s e p a r a t i o n  a f f e c t i n g  t h e  t r a i  ling-edge f laps .  
DESIGN UIl!€IOUT FLAP SEGHENTATION 
I f  leading-edge f l a p  segmentation i s  n o t  pe rmi t t ed ,  t h e  f l a p  d e s i g n  
problem is  less ammenable t o  the procedures p rev ious ly  ou t l ined .  For a 
s t r a i q h t  hinge l i n e  and c o n s t a n t  leading-edge f l a p  d e f l e c t i o n ,  it may n o t  be 
p o s s i b l e  to  d e f i n e  f l a p  s u r f a c e s  t h a t  reasonably approximate the winq design 
camber su r face .  One way of handl ing t h i s  problem i s  to  use  the  program of 
r e f e r e n c e  3 t o  e v a l u a t e  a l imi ted  series of cand ida te  f l a p s  and from t h i s  d a t a  
select an optimum f o r  t h a t  series. For t h e  wing of the example j u s t  t r e a t e d ,  
i t  is clear from t h e  design d a t a  t h a t  the f l a p  chord a t  the wing t i p  should he 
as l a r g e  as t h e  design l i m i t a t i o n s  allow. The remaining problem is t h e  selec- 
t i o n  of t h e  hinge-l ine sweep angle.  This  can be accomplished by a series of 
t h r e e  or more wing e v a l u a t i o n  program runs wi th  d i f f e r e n t .  hinge-l ine sweep 
a n g l e s  which are used t o  de f ine  the  v a r i a t i o n  of t h e  s u c t i o n  parameter with 
sweep a n g l e  and t o  select an optimum angle. For t h e  design problem t r e a t e d  
h e r e ,  such a p rocess  i n d i c a t e s  that the hinge-l ine should be a t  the rear l i m i t  
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of the  a v a i l a b l e  f l a p  area and t h a t  optimum f l a p  d e f l e c t i o n  ang le s  are abou t  
200 f o r  the  leadinq-edqe f l a p s  and about  1 5 O  f o r  t h e  t r a i l i ng -edge  f l a p s .  
These d e f l e c t i o n s  produce a s u c t i o n  parameter of about  0.74 a t  t h e  CL = 0.7 
des ign  condition. As might have been expected, t h i s  aerodynamic e f f i c i e n c y  is 
somewhat l e s s  than t h a t  i n d i c a t e d  f o r  t he  seqmented leading-edge f l a p s .  This  
s e l e c t i o n  process f o r  the s e l e c t i o n  of simple unsegmented leading-edge f l a p s  
w i l l  of course n o t  always r e s u l t  i n  f u l l  use  of t he  a v a i l a b l e  f l a p  area. I n  
many cases, e s p c i a l l y  f o r  wings wi th  rounded l ead ing  edges which produce 
leading-edqe t h r u s t ,  reduced inboard f l a p  chords and perhaps i n v e r s e  t a p e r  
w i l l  be called f o r .  
PROGRM PREDICTIaS OF FLAP SYSTEn PERFoRc(ANcE 
U p  t o  t h i s  p o i n t ,  t he  u s e  of a wing des ign  program f o r  s e l e c t i o n  of a 
cand ida te  f l a p  system has been  desc r ibed ,  t he  use of a wing e v a l u a t i o n  program 
f o r  e s t ima t ion  of f l a p  system aerodynamic performance p o t e n t i a l  has  been 
i l l u s t r a t e d ,  and p o s s i b l e  sou rces  of desc repanc ie s  between t h e o r e t i c a l  
a t t a c h e d  flow and a c t u a l  s epa ra t ed  flow have been explored. It might now be 
a p p r o p r i a t e  to i l l u s t r a t e  the c a p a b i l i t y  of t he  eva lua t ion  program to  provide 
estimates of experimental  r e s u l t s  f o r  a r e p r e s e n t a t i v e  f l a p  system. ( A t  t h i s  
t i m e  experimental  d a t a  f o r  f l a p  systems desiqned according t o  proceedures 
o u t l i n e d  herein are n o t  a v a i l a b l e .  1 
I n  an experimental  i n v e s t i g a t i o n  r e c e n t l y  conducted i n  t h e  NASA Langley I 
High-speed 7- x 10-Foot Wind Tunnel, s u f f i c i e n t  d a t a  w e r e  ob ta ined  t o  p e r m i t  
t h e  cons t ruc t ion  of a s u c t i o n  parameter contour  map similar to  t h a t  of f i g u r e  
4. Experimental d a t a  from t h a t  i n v e s t i g a t i o n  t o g e t h e r  with a program a n a l y s i s  
are shown i n  f i g u r e  10. The wing planform inc lud inq  t h e  leading-  and 
t ra i l ing-edqe f l a p s  are shown i n  an  i n s e t  sketch.  The tes t  d a t a  w a s  ob ta ined  
a t  a Mach number of 0.5 and a Reynolds number of 2.9 x 10 Althouqh t h e  
l ead ing  edge w a s  n o t  sharp,  t h e  a c t u a l  l e a d i n g  edge r a d i u s  w a s  very small. 
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An examination of the  correspondence between t h e  program and expe r imen ta l  
contour  maps shows a reasonably good agreement of t h e  maximum s u c t i o n  para- 
meters and the  d e f l e c t i o n  ang le s  a t  which they were obtained. Apparently,  t h e  
test Reynolds number w a s  s u f f i c i e n t l y  high f o r  the  flow t o  be predominantly 
a t t a c h e d  f o r  f l a p  d e f l e c t i o n  combinations near t h e  optimum, so t h a t  an 
a t t a c h e d  flow theory could account f o r  the wing behavior.  For l a r g e  leading-  
edge f l a p  d e f l e c t i o n s ,  t he  experimental  s u c t i o n  p a r a n e t e r s  are cons ide rab ly  
poorer  than t h e  program p red ic t ions .  This  may be the r e s u l t  of hinge l i n e  
s e p a r a t i o n  which, as discussed previously,  can cause a loss of t h e  upper 
s u r f a c e  loadinq on t h e  f l a p  s u r f a c e  i t s e l f .  There is a l s o  a poorer  measured 
performance f o r  t he  wing with undeflected f l a p s  than is  p r e d i c t e d  by t h e  
program. This  may be due a t  least i n  part t o  a f a i l u r e  of the leading-edge 
separated flow t o  reattach ahead of the wing t r a i l i n g  edge, p a r t i c u l a r l y  on 
t h e  wing o u t e r  panel. A c o r r e l a t i o n  of program and experimental  d a t a  f o r  low-  
speed tests of a supe r son ic  t r a n s p o r t  wing shown i n  r e fe rence  3 i n d i c a t e d  a 
similar a b i l i t y  of t h e  program t o  provide p r e d i c t i o n s  of f l ap  system 
performance excep t  f o r  extreme d e f l e c t i o n  anqles .  However t h a t  data d i d  n o t  
provide s u f f i c i e n t  coverage of f l a p  d e f l e c t i o n  ang le s  t o  a l low c o n s t r u c t i o n  of 
a performance map. 
EFFECT OF LEADING EDGE RADIUS 
I n  t h e  i n t e r e s t  of s i m p l i c i t y ,  the d e s c r i p t i o n  of t he  f l a p  system des iqn  
p rocess  has  been r e s t r i c t e d  to  wings with s h a r p  l ead inq  edges which can  deve- 
lop no leadinq-edge t h r u s t .  Now a t t e n t i o n  w i l l  be given t o  t h e  i n f l u e n c e  of 
a t t a i n a b l e  leading-edge t h r u s t ,  made possible  through use of a f i n i t e  leading-  
edge r a d i u s .  First, t h e  effect  of a change i n  wing s e c t i o n  shape on t h e  
performance of sha rp  l ead ing  edge design w i l l  be explored. Then the  e f f e c t  on 
the des ign  process  of i n c l u d i n g  leading-edge r a d i u s  and a t t a i n a b l e  t h r u s t  
c o n s i d e r a t i o n s  a t  the o u t s e t  w i l l  be t reated.  
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Effect on Sharp Leading Edge Design 
Figure 11 shows program e v a l u a t i o n  d a t a  f o r  t h e  cand ida te  f l a p  system 
nominal f l a p  d e f l e c t i o n s  shown i n  f i g u r e  1 with a rounded l ead ing  edge s e c t i o n  
(NACA 65A004) havinq replaced the o r i g i n a l  s h a r p  leading-edge s e c t i o n .  There 
is seen  to  be a small drag r educ t ion  i n  t h e  region of the design l i f t  c o e f f i -  
c i e n t  and a l a r g e r  b e n e f i t  a t  o f f  design cond i t ions .  This  can occur because 
it is impossible f o r  a f l a p  with a f i n i t e  number of segments to  provide an 
optimal match of upwash f i e l d  and f l a p  s u r f a c e  s l o p e s  a t  a l l  p o i n t s  a long t h e  
l ead inq  edge. The l ead inq  edge r a d i u s  provides  a s m a l l  ang le  range over which 
f u l l  t h e o r e t i c a l  t h r u s t  can  be achieved. This, i n  e f f e c t ,  g ives  the des ign  a 
f a c t o r  of safety.  The e f f e c t  of changes i n  t h e  l ead ing  edge d e f l e c t i o n  sche- 
d u l e  on wing performance is i l l u s t r a t e d  i n  t h e  p l o t  of s e c t i o n  a x i a l  f o r c e  a t  
t h e  r i g h t  of t h e  f igu re .  The f l a p  system performance could be improved by a 
r educ t ion  of abou t  20 p e r c e n t  i n  l ead ing  edge d e f l e c t i o n  a n g l e  a c r o s s  t h e  
whole span. This would y i e l d  a s u c t i o n  parameter of about  0.81 compared to  
0.77 f o r  the s h a r p  l ead ing  edqe wins  f l a p  design. Even when t h e  f avorab le  
e f f e c t  of reattachment of t he  l ead ing  edge s e p a r a t i o n  a t  t h e  hinge l i n e  is 
considered,  t h e  rounded l ead ing  edge should s t i l l  o f f e r  an advantaqe. The 
rounded leading edge could provide t h e  same reat tachment  p o i n t  as does the  
s h a r p  leading edge b u t  a t  a smaller d e f l e c t i o n  ang le  with l ead ing  edge t h r u s t  
s u b s t i t u t e d  f o r  t he  less e f f i c i e n t  normal force.  
Effect on Rounded Leadipg Edge Design 
The wing des ign  computer program of r e f e r e n c e  1 can be used t o  d e f i n e  an 
optimized wing camber s u r f a c e  with a t t a i n a b l e  l ead ing  edge t h r u s t  taken i n t o  
acccurlti As pcinted c u t  in that  reference, the i n c l u s i c n  Cf attaifiable 
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leading-edqe t h r u s t  w i l l  tend t o  y i e l d  milder camber s u r f a c e s .  I n  f a c t  f o r  a 
s u f f i c i e n t l y  th i ck  wing a t  a h iqh  enough Reynolds number, t h e  program design 
could c a l l  f o r  a completely f l a t  camber su r face .  For the  same design problem 
as treated p rev ious ly  (see f i g u r e  1 )  but w i th  an NACA 65A004 s e c t i o n  s u b s t i -  
t u t e d  f o r  the s h a r p  l ead ing  edge sect ion,  the camber s u r f a c e  shown i n  f i g u r e  
1 2  i s  obtained. Using t h e  same cons ide ra t ions  as i n  t h e  previous problem, a 
s o m e w h a t  different flap system design is nhtafned, N o t i c e  the redijced chords 
of the  t w o  inboard leading-edge f laps .  Because an apprec i ab le  amount of 
leading-edge t h r u s t  can a c t u a l l y  be generated by t h e  inboard s e c t i o n s  wi th  
t h e i r  l a r g e  chord and th i ckness ,  t he re  is less need f o r  d i s t r i b u t e d  t h r u s t  and 
reduced chords and reduced d e f l e c t i o n  ang le s  may be employed. The reduced 
inboard chords and d e f l e c t i o n  ang le s  a l s o  i n c r e a s e  the  upwash f i e l d  on which 
the performance of t h e  outboard leading-edge f l a p s  depends; o r  perhaps more 
c o r r e c t l y  a l low t h e  upwash t o  be generated a t  a smaller wing anqle  of 
a t t a c k .  The leading-edge f l a p  d e f l e c t i o n s  shown i n  the  sketch are c o n s i s -  
t e n t l y  smaller than those  c a l l e d  f o r  i n  t h e  sha rp  leading-edge design. There 
i s  no change i n  the t r a i l i n g - e d g e  f l a p  de f l ec t ions .  
Evaluat ion program estimates of aerodynamic performance f o r  t h e  rounded 
l e a d i n g  edge cand ida te  f l a p  system are qiven i n  f i q u r e  13. This  f l a p  system 
wi th  the  nominal set  of d e f l e c t i o n  angles is es t ima ted  t o  g ive  a design p o i n t  
s u c t i o n  parameter of 0.83 compared t o  0.77 for t h e  s h a r p  leading-edge f l a p  
des iqn  . The milder  f l a p  d e f l e c t i o n s  provide even l a r g e r  o f f  des ign  
b e n e f i t s .  Because  of t h e  smaller d e f l e c t i o n  ang le s ,  t he  tendency toward 
performance-robbing s e p a r a t i o n  a t  the hinge l i n e  should be a l l e v i a t e d .  Even 
so, it would be d e s i r a b l e  i n s o f a r  as possible ,  t o  provide a smoothed s u r f a c e  
a t  the flap-wing junc tu re .  
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EFFECT OF REYNOLDS NUMBER 
A ra ther  d e t a i l e d  examinat ion of t h e  effect  of Reynolds number on wing 
and a i r fo i l  s e c t i o n  p r e s s u r e  d i s t r i b u t i o n s  w a s  p re sen ted  i n  r e f e r e n c e  2. 
These data showed a c o n s i s t e n t  tendency toward t h e  achievement of h i g h e r  
l i f t i n g  pressures  ( p a r t i c u l a r l y  i n  t h e  l ead ing  edge reg ion  1 w i t h  i n c r e a s i n g  
Reynolds number. That r e fe rence  went on to  exp lo re  t h e  e f f e c t  of Reynolds 
number on the  performance of tw i s t ed  and cambered wings and wings wi th  
flaps. Some of t h e  more s i g n i f i c a n t  p o i n t s  of t h a t  a n a l y s i s  are repea ted  
here .  
The s p e c i a l  importance of Reynolds number e f f e c t s  on t h e  performance of 
t w i s t e d  and cambered wings and wings w i t h  leading-edge f l a p s  may be i l l u -  
s t r a t e d  with the aid of t w o  ske tches .  I n  ske tch  (9)  a s e c t i o n  of a f l a t  wing 
w i t h  superimposed p r e s s u r e  d i s  t r i b u -  
t i o n s  for  t w o  Reynolds numbers is - 
shown. The shaded p o r t i o n  of t h e  
p r e s s u r e  loading and the  shaded force 
arrow rep resen t  the effect  of an  in -  
crease i n  Reynolds number. The f o r c e  - % 
arrows a t  the r i g h t  r e p r e s e n t  t he  re- 
S k e t c h  ( 9 )  
s u l t a n t  pressure force on the s e c t i o n  
a t  t h e  lower Reynolds number and t h e  
i n c r e a s e  i n  th i s  force due to  the i n c r e a s e  i n  Reynolds number. These two 
forces ac t  i n  gene ra l ly  t h e  same d i r e c t i o n ,  normal t o  t h e  wing su r face ,  and 
thus  t h e r e  is only  a s m a l l  improvement i n  the l i f t - d r a g  r a t i o  r e s u l t i n g  from 
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For a wing w i t h  a leading-edge f l a p  ( o r  a wing with leading-edge camber) 
t h e  s i t u a t i o n  can be q u i t e  d i f f e r e n t  as i l l u s t r a t e d  i n  ske tch  (h) .  For such a 
wing s e c t i o n  t o  perform e f f i c i e n t l y  the 
€ l a p  must c a r r y  a s i g n i f i c a n t  load so 
CI  
as to  produce a f o r c e  with a t h r u s t  
component. This  loading w i l l  be s i m i -  
-I..- LQL A,. cv the lcafiing 0% the fcrward p9r- 
t i o n  of a f l a t  wing. As shown by the 
shaded p o r t i o n  of t he  p r e s s u r e  d i s t r i -  S k e t c h  ( h )  
b u t i o n  and t h e  shaded f o r c e  arrow, here 
too ,  Reynolds number could have a s u b s t a n t i a l  i n f l u e n c e  on t h e  f o r c e  gene- 
rated. But, as shown i n  t h e  r e s u l t a n t  p re s su re  f o r c e  vec to r s  a t  the r i g h t ,  
t h e  a d d i t i o n a l  f o r c e  due t o  t h e  inc rease  i n  f l a p  loading with Reynolds number, 
which acts normal t o  the  f l a p  s u r f a c e ,  can have a r e l a t i v e l y  l a r g e  e f f e c t  on 
t h e  r e s u l t a n t  d rag  and t h e  l i f t  d rag  r a t io .  
Experimental d a t a  showing t h e  e f f e c t  of Reynolds number on t h e  
performance of a tw i s t ed  and cambered wing are shown i n  f i g u r e  14. The 
measurements were made a t  a Mach number of 0.25 and Reynolds numbers of 1.5 
and 8.0 m i l l i o n  for  an a s p e c t  ra t io  4 d e l t a  wing wi th  an NACA 0005-63 wing 
s e c t i o n .  The experimental  data is compared with t h e o r e t i c a l  p r e d i c t i o n s  given 
by t h e  computer program of r e fe rence  3. It w i l l  be noted t h a t  t h e  h i g h e r  
Reynolds number p e r m i t s  good aerodynamic e f f i c i e n c y  to  be r e t a i n e d  t o  a 
s u b s t a n t i a l l y  higher  angle  of a t t a c k  and l i f t  c o e f f i c i e n t .  The d i f f e r e n c e  is 
m o s t  appa ren t  i n  t h e  c r i t i c a l l y  important a x i a l  f o r c e  c o e f f i c i e n t .  The e f f e c t  
of Reynolds number is much more pronounced than  t h e  estimate given by t h e  
theo ry  which accounts f o r  t he  change i n  leading-edge t h r u s t  b u t  n o t  t h e  
changes i n  flow s e p a r a t i o n  p a t t e r n s .  
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The performance of wings with s h a r p  l ead ing  edges is  g e n e r a l l y  be l i eved  
t o  he i n s e n s i t i v e  t o  changes i n  Reynolds number. This  appears t o  be t r u e  f o r  
f l a t  h igh ly  swept d e l t a  wings, b u t  t he  g e n e r a l i z a t i o n  may no t  hold for wings 
wi th  sha rp  leading-edge f l a p s  d e f l e c t e d  so as t o  opt imize performance. 
Research data c o l l e c t e d  f o r  use i n  t h e  a n a l y s i s  of wind energy systems ( r e f e r -  
ence 8) can be of use i n  a s tudy  of t he  problem. I n  t h a t  type of research, it 
is necessary t o  cons ide r  t he  behavior  of a i r f o i l s  i n  reversed as w e l l  as 
forward motion. Typical  l i f t  curve d a t a  f o r  a range of Reynolds numbers are 
shown i n  f i g u r e  15. The a i r f o i l  i n  r eve r sed  flow, of course, has  a very s h a r p  
l e a d i n g  edge. These data i n d i c a t e  t h a t  only above ang le s  of a t t a c k  of 8 O  to  
10° is  the s h a r p  leading-edge a i r f o i l  CL apprec iab ly  less s e n s i t i v e  t o  
Reynolds number changes than the rounded leading-edge a i r f o i l  CL. For smaller 
ang le s  of a t t a c k ,  CL changes are a c t u a l l y  l a r g e r  f o r  t he  s h a r p  leading-edge 
s e c t i o n .  Thus, w i th in  t h i s  Reynolds number range, t h e r e  w i l l  be important  
Reynolds number s e n s i t i v i t i e s  f o r  s h a r p  leading-edge f l a p s  i f  t he  local a n g l e  
of a t t a c k  must be r e s t r i c t e d  to  small values  t o  prevent  unwanted sepa ra t ion .  
For the  rounded leading-edge a i r f o i l  there are l i k e l y  t o  be f u r t h e r  i n c r e a s e s  
i n  5 wi th  inc reases  i n  Reynolds number above 1.8 m i l l i o n  ( t h e  l i f t  curve 
slope f o r  R=1 .8  m i l l i o n  is s t i l l  below t h e  p o t e n t i a l  theory va lue ) .  For t h e  
s h a r p  leading-edge a i r f o i l ,  i n c r e a s e s  i n  CL wi th  i n c r e a s e s  i n  Reynolds number 
above 1.8 mil l ion are l i k e l y  to  occur  on ly  f o r  a n g l e s  above about  6 O  ( u p  t o  
t h i s  p o i n t  the l i f t  curve f o r  R=1.8 m i l l i o n  matches t h e  p o t e n t i a l  p l u s  vo r t ex  
lift theory of r e fe rence  4 ) .  Highly swept f l a t  wings wi th  s h a r p  l ead ing  edges 
a p p a r e n t l y  are  r e l a t i v e l y  i n s e n s i t i v e  to  Reynolds number changes, even a t  l o w  
?.qnc1& E*AFbers,  &%cause ?-FAG larqe qiG-*bLi of -------I- u p w a s i i  ~ L U I I ~  - -- - LL- uae ieaciing edge 
causes  the outboard wing s e c t i o n s  t o  o p e r a t e  a t  l a r g e  e f f e c t i v e  anq le s  of 
a t t a c k  where Reynolds number effects are i n s i g n i f i c a n t .  This  comparison of 
t he  Reynolds number behavior  of sha rp  and rounded leading-edge a i r f o i l s  may be 
a f f e c t e d  to  some degree by t h e  rounded t r a i l i n g  edge of t h e  a i r f o i l  i n  
reversed  flow. It would be d e s i r a b l e  to  also have d a t a  f o r  an a i r f o i l  wi th  
sharp l ead ing  edges and sha rp  t r a i l i n g  edges. 
From t h i s  d i scuss ion ,  i t  can be seen that  t h e r e  i s  a special need f o r  
h igh  Reynolds number t e s t i n g  of candidate  f l a p  systems. Inadequate  Reynolds 
number t e s t  cond i t ions  could l ead  no t  only t o  &poor p r e d i c t i o n  of f l i g h t  per- 
formance b u t  also could r e s u l t  i n  r e j e c t i o n  of r e l a t i v e l y  simple f l a p  systems 
wi th  e x c e l l e n t  h igh  Reynolds number performance bu t  poor l o w  Reynolds number 
performance. Unfortunately,  r e s u l t s  from the p r e s e n t  s tudy  do n o t  provide 
f i rm gu ide l ines  f o r  accep tab le  test  Reynolds numbers. 
coN~usIoNs 
A study of the use of l i n e a r i z e d  theory computer programs f o r  the d e s i g n  
and a n a l y s i s  of l o w  speed f l a p  systems has l e d  to  the  fol lowing conclusions:  
From the l i m i t e d  evidence p resen ted  h e r e i n ,  it appears  tha t  l i n e a r i z e d  
theory numerical methods can r e p r e s e n t  t o  a reasonable  degree the  complex 
i n t e r a c t i o n s  between leading-edge and t r a i l i n g - e d g e  f l a p s  and can form 
t h e  basis of a f l a p  design and e v a l u a t i o n  system. 
Good desiqn p r a c t i c e  r e q u i r e s  t he  employment of both leadinq-edge and 
t r a i l i ng -edge  f l a p s .  
Near maximum performance can be achieved over a broad ranqe of leading-  
edge and t r a i l i n g - e d g e  f l a p  d e f l e c t i o n  combinations. 
Conditions which induce flow s e p a r a t i o n  ( t h i n  s e c t i o n s  , s h a r p  etiqes , l o w  
Reynolds numbers, and high l i f t  c o e f f i c i e n t s )  may lead to  a requirement 
for leading-edge d e f l e c t i o n s  less than t h e  t h e o r e t i c a l  optimum and 
t r a i l i nq -edge  d e f l e c t i o n s  g r e a t e r  than the  theoretical  optimum. 
P r a c t i c a l  a p p l i c a t i o n  of design p r i n c i p l e s  w i l l  r e q u i r e  c a r e f u l  a t t e n t i o n  
to  su r face  contours  ( p a r t i c u l a r l y  i n  t h e  v i c i n i t y  of the leading-edge 
f l a p  hingk l i n e  ) t o  p reven t  unwanted s e p a r a t i o n .  
Generally, wing s e c t i o n s  with a rounded l ead ing  edge w i l l  provide b e t t e r  
performance (with somewhat smaller leading-edge f l a p  d e f l e c t i o n  a n g l e s )  
than s e c t i o n s  w i t h  a s h a r p  l ead ing  edge. 
There can be a very important  i n f l u e n c e  of Reynolds number on f l a p  system 
performance f o r  both s h a r p  and rounded leading-edge wing s e c t i o n s  and 
t h e r e  is a special need for high Reynolds number t e s t i n g  of cand ida te  
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